Background: To determine longitudinally the relationship between serum 25-hydroxyvitamin D (vitamin D) and vitamin D-binding protein (DBP) levels in mother-neonate pairs and evaluate the efficiency of prophylactic vitamin D on lactation days 45-60. Methods: Mother-neonate pairs whose serum calcium (Ca), phosphorus (P), magnesium (Mg), alkaline phosphatase (ALP), and parathyroid hormone (PTH) levels were in normal ranges on postpartum/postnatal days 5-10 were classified into two groups by their serum vitamin D concentrations (Group A: < 10 ng/ml and Group B: > 20 ng/ml). Both maternal and neonatal Ca, P, Mg, ALP, and PTH concentrations in group A and B were not different. Maternal and neonatal serum DBP levels were measured in two groups. The mother-neonate pairs in both groups were given 400 IU/d vitamin D orally. The same biochemical markers in group A were remeasured on days 45-60 of the lactation period. Results: In group A, the mean maternal and neonatal vitamin D levels on postpartum/postnatal days 5-10 were significantly lower and the DBP levels were significantly higher than those in group B (P = 0.000; P = 0.000 and P = 0.04; P = 0.004, respectively). On lactation days 45-60, the maternal and neonatal DBP concentrations were not different from those on postpartum/postnatal days 5-10. However, the maternal and neonatal vitamin D levels were significantly increased (P = 0.000 and P = 0.000, respectively), while the neonatal PTH concentrations were significantly decreased (P = 0.000). The maternal and neonatal vitamin D concentrations were negatively correlated with their DBP concentrations (P = 0.048 and P = 0.002, respectively). Conclusion: High maternal and neonatal DBP levels may lead to an incorrect low estimate of the true Vitamin D concentration. In this case, only prophylactic vitamin D (400 IU/d) is indicated for mothers and their infants.
Background
There are a growing number of reports on the high prevalence of vitamin D deficiency in pregnant women and their neonates in many developed and developing countries from areas of different sun exposure [1] . In those studies, the prevalence of vitamin D deficiency ranged from 18% to 84% [1] . However, those figures are usually only based on serum 25-hydroxyvitamin D (vitamin D) concentration, regardless of serum calcium (Ca), phosphorus (P), magnesium (Mg), alkaline phosphatase (ALP), and parathyroid hormone (PTH) levels, in both pregnant women and their neonates. For this reason, they may not reflect true vitamin D status.
Vitamin D-binding protein (DBP) is a multifunctional and highly expressed plasma protein. One of the major functions of DBP is to bind and transport vitamin D, the major circulating metabolite, and 1,25-dihydroxyvitamin D (active vitamin D) [2] . Many physiological and pathological factors can affect plasma DBP levels [3] . Pregnancy has been shown to be associated with an increase in serum DBP level. This situation results from the stimulation of DBP synthesis by estrogen [3] . The high DBP concentration under estrogenic effects in pregnancy may be responsible for low vitamin D concentrations in both pregnant women and their neonates because it binds to vitamin D. To our knowledge, no previous longitudinal study has investigated the relationship between serum vitamin D and DBP in mothers and their neonates during the lactation period.
Aim of the study
We hypothesized that high maternal and neonatal DBP levels may lead to an incorrect low estimate of the true Vitamin D level and that a prophylactic vitamin D dose (400 IU/d) would be sufficient for these mothers and their infants during the early lactation period. Therefore, the goal of the present study was to assess the relationship between serum vitamin D and DBP levels in both mothers and their neonates and evaluate the effectiveness of prophylactic vitamin D at lactation days 45-60.
Methods

Subjects
The University of Ataturk, Faculty of Medicine Ethics Committee approved the study. Written informed consent was obtained from all participants. The study was longitudinal and was conducted in winter and spring months between 2013 and 2016. Serum vitamin D and DBP concentrations of mothers and their neonates were investigated during the first 60 days of the lactation period. First, the mothers were selected from Department of Obstetrics and Gynaecology, Faculty of Medicine, Ataturk University, Erzurum, Turkey, which offers tertiary healthcare for a population of more than 4.000.000 individuals. Exclusion criteria for the mothers were multiple gestation, different ethnicity, delivery within the previous 2 years, pre-existing maternal disease, pre-eclampsia, BMI > 35.0 at enrolment, hypertension, smoking, hormonal or drug therapy, and lactation failure. Second, the neonates of the mothers that met the study criteria were evaluated. Inclusion criteria for neonates were term deliveries with appropriate for gestational age (AGA) after uncomplicated pregnancies. Neonates classified as large for gestational age (LGA) or small for gestational age (SGA) and having any fetal malformation, supplementation with formula, and failure for visit 2 were excluded from the study together with their mothers. Then, serum Ca, P, Mg, ALP, PTH and vitamin D concentrations in the mothers selected for the study were measured on postpartum days 5-10. The mothers having normal serum Ca (8.8-10.8 mg/dl), P (2.7-4.2 mg/dl), Mg (1.2-1.6 mg/dl), ALP (130-560 IU/l), and PTH (1-55 pg/ml) were classified into two groups by their serum vitamin D concentration (Group A: < 10 ng/ml and Group B: > 20 ng/ml), whereas those whose serum vitamin D concentration was 10-20 ng/ml were excluded from the study. Finally, the same biochemical markers in the neonates of the mothers included in the study were measured on postnatal days 5-10. Among the neonates having normal serum Ca (7.6-11.2 mg/dl), P (4.8-8.2 mg/dl), Mg (1.2-1.6 mg/dl), ALP (140-450 IU/l), and PTH (1-43 pg/ml), those having similar vitamin D concentrations as their mothers were included the study, whereas those whose serum vitamin D concentration was 10-20 ng/ml were excluded from the study together with their mothers. The mean maternal and neonatal serum Ca, P, Mg, ALP, and PTH concentrations in group A and B were not significantly different (Tables 1  and 2 ). Two hundred and 53 mothers were originally selected but 99 of them were excluded from the study on the basis of their clinical and laboratory findings. Of the remaining 154 mother-neonate pairs, 53 neonates having exclusion criteria were excluded from the study together with their mothers. Remaining 101 mother-neonate pairs met the study criteria. However, 41 neonates were excluded from the study for the following reasons: 10 did not come to visit 2 during the follow-up period, 10 had to use formula, 14 stopped vitamin D prophylaxis and 7 had a serum vitamin D concentration that did not fall into the same group of that of their mothers. Therefore, the study was completed in 60 mother-neonate pairs: 30 in group A and 30 in group B. All mothers and their neonates were given an oral prophylactic vitamin D supplement of 400 IU/d because serum vitamin D itself is not sufficient to diagnose vitamin D deficiency, regardless of serum Ca, P, Mg, ALP, and PTH levels. Serum Ca, P, Mg, ALP, PTH and vitamin D concentrations in every mother-neonate pair in Group A were remeasured on any day between the 45th and 60th days of the lactation period (visit 2). The blood samples (2 ml) of mothers and their neonates were obtained from both groups at the beginning of the study and from only group A at visit 2. The samples were placed into a plain evacuated glass tube. The blood samples were centrifuged at 3.500 rpm for 5 min at 4°C. Sera were pipetted into Eppendorf tubes and stored at − 80°C for DBP analysis.
Anthropometric indexes and the gestational week of infants were recorded. Weight was measured using an electronic scale (Seca Model 770, Hamburg, Germany). Length (±0.1 cm) was measured using a body-length measurer by a pediatrician. Head circumference was measured by a tape measure.
In addition to maternal age and clothing style (covered: Muslim style clothing and uncovered), the duration and the dose of the vitamin D supplementation and the duration of exposure to sunlight during the gestational period were recorded based on self-assessment of the mothers.
Biochemical analysis
The serum samples were maintained in a refrigerator overnight with the purpose of thawing before analysis. Serum Ca, P, Mg, and ALP levels were determined by spectrophotometric methods, using the Beckman Coulter-AU5800 chemistry analyzer. Serum PTH and vitamin D levels were measured by the immunoassay method, using the Beckman Coulter-DXI800 analyzer. We used a human vitamin D binding protein kit (Human Vitamin D-binding protein, DBP ELISA Kit, SunLong Biotech Co.,LTD, lot number 201610). The limit of sensitivity for the kit was 0.01 μg/ml. The intraassay and interassay coefficients of variation were < 10% and < 12%, respectively.
Statistical analysis
The total sample size for the study was calculated by a formula below.
r is a ratio (n1/n2) of sample sizes in Group A (n1) and B (n2). We planned that group A and B had equal sample size. Thus, r = 1. Z α/2 and Z 1-β are 1.96 for 5% level of significance and 1.28 for 90% of statistical power, respectively. δ and d represent the pooled standard deviation and difference of the mean for DBP, respectively. According to that formula, the total sample size for each group with 90% of statistical power and 5% level of significance was calculated as 29.
All the calculations were made using SPSS (version 15.0 for Windows). The Kolmogorov-Smirnov test was used for normality. The differences between group A and group B were examined with Student's t test and Chi square test. Longitudinal changes in the serum parameters in group A were analyzed with the paired t test. Correlations between two variables were tested by Pearson's correlation coefficient. The results were expressed as the means ± SD, and statistical significance was set at P < 0.05.
Results
The maternal mean age, clothing style, and vitamin D supplementation dose during pregnancy in group A and B were not different, whereas the duration of the vitamin D supplementation and exposure to sunlight in group A were significantly lower than those in group B (P = 0.001 and P = 0.02, respectively) ( Table 3) . In group A, the mean maternal serum vitamin D level was significantly lower and the DBP level was significantly higher than in group B (P = 0.000 and P = 0.04, respectively) ( Table 1) . The mean maternal serum P, Mg, ALP, PTH, and DBP concentrations on lactation days 5-10 in group A were not different from those on lactation days 45-60, whereas serum Ca and vitamin D concentrations Any day between 45th and 60th days of the lactation period in group A increased significantly (P = 0.000 and P = 0.000, respectively) ( Table 1 ). The gestational age and neonatal anthropometric measurements at birth in group A and B did not differ significantly (Table 4) . In group A, however, the mean neonatal serum vitamin D level was significantly lower, while the DBP level was significantly higher (P = 0.000 and P = 0.004, respectively) ( Table 2 ). In group A, the mean neonatal serum P, Mg, ALP, and DBP concentrations on lactation days 5-10 were not significantly different from those on lactation days 45-60. However, the mean neonatal serum Ca and vitamin D concentrations increased significantly, while PTH concentration decreased significantly (P = 0.000, P = 0.000, and P = 0.000, respectively) ( Table 2) .
Taken together, the data show that the maternal and the neonatal vitamin D concentrations were negatively correlated with the maternal and the neonatal DBP concentrations (r = − 0.239, P = 0.048 and r = − 0.401, P = 0.002) (Figs. 1 and 2 ).
Discussion
Although there is no consensus on serum vitamin D concentration in children and adults, serum vitamin D levels of < 10 ng/ml (25 nmol/l) and of 20-50 ng/ml (50-125 nmol/l) are considered to represent vitamin D deficiency and sufficiency, respectively [4] [5] [6] [7] . According to that information, in this study, group A and group B represent vitamin D deficiency and vitamin D sufficiency, respectively. Because vitamin D primarily controls dietary calcium absorption, serum Ca level, even with a mild insufficiency of vitamin D, is compensated by an increase in serum PTH level, which in turn is associated with high ALP and low serum P levels [7] . Therefore, the relationship between serum PTH and vitamin D is used in many studies to define the normal range of serum vitamin D [8] [9] [10] [11] . The sufficient serum vitamin D level is defined as the serum vitamin D concentration that can maintain a serum PTH concentration in a normal range [7] . Because Mg is necessary for PTH secretion, the serum Mg level should also be normal [12] . In our study, the maternal and the neonatal serum Mg levels between group A and B were not different. The serum maternal and neonatal vitamin D levels in group A were significantly lower compared to group B. However, there were no expected changes in group A in terms of serum Ca, P, ALP, and PTH levels. This finding suggests that the vitamin D deficiency in group A was not a true deficiency. In other words, the bioactivity of vitamin D in group A is actually sufficient at the target tissue level. The free hormone hypothesis states that protein-bound hormones are relatively inactive, while hormones not bound to binding proteins have biological activity [13] . The majority (85-90%) of vitamin D and active vitamin D in circulation is tightly bound to DBP, whereas a smaller amount (10-15%) is bound to albumin. Less than 1% of vitamin D in the circulation exists in a free and unbound form [14, 15] . For the exact measurement of serum vitamin D, vitamin D should be separated from albumin and DBP. However, the displacement of vitamin D from DBP is a major challenge. The organic solvents used for this process are not compatible with most immunoassays or protein-binding assays [16] [17] [18] . A clinical chemistry study demonstrated the analytical problems in available vitamin D assays [19] . In that study, five automated immunoassays (Architect, Centaur, iSYS, Liaison, and Elecsys), one RIA (Diasorin), and an ID-XLC-MS/MS method were tested for vitamin D measurement in the same plasma samples of 51 healthy individuals, 52 pregnant women, 50 hemodialysis patients, and 50 intensive care patients. The DBP level was also measured in the same plasma samples by ELISA. With the ID-XLC -MS/MS method accepted as a gold standard, Architect, Centaur, iSYS, and Liaison automated immunoassays show an inverse relationship between serum DBP concentrations and deviations of measured vitamin D concentrations from ID-XLC -MS/MS. This finding suggests that these automated assays cannot extract all vitamin D from the DBP in sera. Such incomplete extraction may suggest an incorrectly low vitamin D concentration. In the present study, we used a Beckman Coulter automated immunoassay to measure serum vitamin D level. This assay may be responsible for incorrectly low serum vitamin D concentrations, especially in the presence of high serum DBP concentrations, because it is a similar immunoassay method to those in the study mentioned above. In this study, the negative correlations between serum DBP and vitamin D in both mothers and neonates supports this hypothesis. It has been shown that ethnicity and DBP genotype, age and gender, pregnancy and estrogen status, obesity, liver and renal diseases, diabetes, primary hyperparathyroidism, cancers, inflammation, and some therapeutic procedures such as plasma exchange and peritoneal dialysis may affect serum DBP and vitamin D concentrations [20] . The DBP level in pregnancy increases as a result of the stimulation of DBP synthesis by estrogen [3, 21] . In our study, the mothers and their neonates did not have any disorders. The ethnicity and age of the mothers were the same. Therefore, it can be said that estrogen in both mothers and their neonates is a major determinant of serum DBP concentration. In our study, however, we found that the maternal and neonatal serum DBP levels in group A and B were different. This finding suggests that some other factors apart from estrogen in pregnancy may affect serum DBP level.
In the follow-up of group A, both maternal and neonatal serum DBP concentrations were not different from those of lactation days 5-10, while serum vitamin D concentrations increased significantly. Vitamin D supplementation (400 IU/d) might have contributed to these higher concentrations. In addition, because vitamin D supplementation may just maintain the serum vitamin D concentration at a similar level, we can also speculate that the increase in serum vitamin D levels may be related to the release of vitamin D from DBP overtime.
A high prevalence of subclinical vitamin D deficiency in pregnant women and neonates has been reported in many countries. In a review, 18% of pregnant women in the United Kingdom, 25% in the United Arab Emirates, 80% in Iran, 42% in northern India, 61% in New Zealand and 60-84% of pregnant non-Western women in the Netherlands have been shown to have serum vitamin D concentrations < 10 ng/ml [1] . Similarly, studies from the United Arab Emirates, Iran, India, the United Kingdom, Greece and the US demonstrate a high prevalence of vitamin D deficiency in mother-infant pairs at birth [1] . In those studies, the prevalence of vitamin D deficiency is only based on serum vitamin D levels measured with immunoassays, regardless of serum Ca, P, Mg, ALP and PTH levels. The findings of our study suggest that even if serum vitamin D levels in a mother-neonate pair are lower than 10 ng/ml, this finding is not sufficient to diagnose vitamin D deficiency, regardless of serum Ca, P, Mg, ALP and PTH levels. Accordingly, it can also be said that the real prevalence of vitamin D deficiency in these populations may be lower.
Our study has several limitations: 1) The number of subjects was relatively small and therefore, the power of the study is relatively limited; 2) All biochemical parameters in group B were in normal range. Therefore, they were measured only once for ethical reasons. Thus, the change in the biochemical parameters with time could not evaluated for group B; 3). We used an automated immunoassay method to measure serum vitamin D levels since only mothers and their infants whose serum Ca, P, Mg, ALP and PTH levels were normal were included in the study. However, it should be emphasized that, due to the analytical problem in available vitamin D assay, the serum vitamin D levels could also be measured by LC-MS/MS method.
Conclusion
This is the first study that investigated the relationship between maternal and neonatal serum vitamin D and DBP during lactation. The findings of our study suggest that the high maternal and the neonatal serum DBP levels may be associated with falsely low vitamin D concentrations based on the normal serum Ca, P, Mg, ALP and PTH levels. Even if maternal and neonatal serum vitamin D concentrations are consistent with each other in terms of low serum vitamin D levels (< 10 ng/ml), this finding alone is not sufficient to diagnose vitamin D deficiency, without taking into consideration the serum Ca, P, Mg, ALP, and PTH levels. The lack of expected changes in serum Ca, P, ALP, and PTH levels together with low concentrations of vitamin D deficiency and a normal serum Mg may result from the measurement method and/or from high DBP levels, and may not reflect a true vitamin D deficiency. In this case, only prophylactic vitamin D (400 IU/d) is indicated for mothers and their infants.
